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1. Abstract

The present report attempts to present a comprehensive review of
achievements made under the support of a continuing series of related AFOSR
Grants. The essence of all the work was to develop numerical simulations that
capture the interactions among aerodynamics, rigid-body dynamics, structural
dynamics, and control systems. All of these components of a flying airplane
were viewed simply as elements of a single dynamic system. All the work led
toward an end result in which a maneuvering aircraft could be simulated
without resorting to wind-tunnel or flight tests. A major obstacle to this
development is the fact that one must know the motion of the aircraft and its
control-surface deflections in order to calculate the flowfield, and one must
know the flowfield in order to calculate the aerodynamic forces and, from
them, the motions. One cannot determine the flowfield unless one knows the
motion of the airplane and one cannot determine the motion uniess one
knows the flowfield. In this work the Pls have made significant advances in
the development of the needed methodology. By expanding the structural
deflections in terms of the free-vibration modes, the principal investigators
were able to covert the governing partial-differential equations of the structure
into a system of ordinary-differential equations. The aerodynamic loads were
obtained by refining and extending the vortex-lattice concept. However, it
must be noted that both the aerodynamic model and the structural models
used in the examples can be changed, by simply changing subroutines in the
general code, without changing the general approach. Neither is essential nor
even desirable for some other applications. An iterative scheme based on a
predictor-corrector algorithm for systems of stiff ordinary differential equations
was developed. A number of successes were achieved, which are described

in the following text.

2. Background e 5 vrreX ]

The development of the background for the present effort began about 10
years ago with the development of an accurate numerical simulation of a

subsonic wing-rock phenomenon for slender delta wings. The success of this
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effort was due to the innovation of treating the flowing air and the moving wing
as elements of a single dynamic system. Subsequent to the successful
completion of this task, an insightful analytical model of wing rock was
developed. [n the process of completing this task, the Pls uncovered serious
flaws in another analytical model developed a little earlier under support from
NASA and pointed out what corrective steps could be applied to the NASA
model. The concept of treating the combined flowfield and vehicle as a single
system was further extended to include elastic deformations of the lifting
surfaces and interactions among aerodynamics, dynamics, and control

systems.

The first example to be considered was the numerical simulation of flutter,
The graduate student involved in the project was an employee of NASA. At the
time, we were doing this work, we had several discussions with the people at
NASA who subsequently developed similar simulations using other numerical
models of the flowfield. For our work we received a Certificate of Recognition
and a cash award from NASA. The next examples to be considered were the
suppression of wingrock by means of trailing-edge flaperons, determination
of trailing-edge flap-deflection history for optimal changes in pitch, and

simulations of pitch contro! in unsteady ground effect.

2.1 Wingrock

2.1.1 Numerical simulations

Because wing rock is a subsonic phenomenon that occurs at high angles
of attack in a vorticity-dominated flow and because experiments have shown
that the phenomenon is independent of the Reynolds number, the principal
investigators (Pls) elected to refine, extend, and then use a general unsteady
vortex-lattice method to predict the aerodynamic loads. The wakes are
modelled as inviscid, rotational flowfields. The basic requirements for any
numerical model of an unsteady lifting flow are that the vorticity-shedding rate
and the evolution of the nearfield wake be accurately predicted. To determine
the rate at which vorticity is being shed into the stream, the Pis force the




pressures on the upper and lower surfaces to be equal along the edges where
the wakes adjoin the wings. To place a wake in its force-free position and
thereby predict its evolution, the Pls convect the vorticity at the fluid-particle
velocity. Such a maodel greatly reduces computing times and avoids the
problem of grossly over-predicting the viscous dissipation of the vorticity. it
is now clear that no dissipation, i.e., an inviscid wake. is very close {o realily
at least for a dozen chord lengths or more downstream. The result was a very

reliable, generai vortex-lattice code.

Vortex-lattice codes, as well as other pane! methods, have singularities
along the edges of the elements. To remove this undesirable characteristic,
the Pls developed a continuous-vorticity panel method. This approach. which
is unique, directly provides, without any post-solution processing. a
continuous, singularity-free velocity field on the surface of the vehicle. The
details are given in the Ph.D. thesis of C. Mracek and Appendix A of this
report.

The simulation of the Pis was the first successful numerical model of wing
rock.”
Its success was a direct result of treating the flowing air and rocking wing as
a single dynémic system. In some earlier work at WPAFB, a
small-disturbance, transonic model was used to model the flowfield. This was
the first time an integrated approach was used, and as far as the Pls know,

theirs was the second.

The equations of motion governing the flowfield and the movement of the
wing were solved simultaneously and interactively. This was a clear and sharp
break with traditional approaches, which rely on wind-tunnel and/or flight-test
data. In some cases, even static data are used. To treat the flowing air and

wing as a single dynamic system, the Pls had to overcome a formidable

*Subsequent numerical models of the wing-rock phenomenon. those deveioped at NASA and
those developed with support from NASA, use the so-called "modern methods” of simulating
the flowfield. In this work, treating the wing and flowing air as a single dynamic system. a
procedure introduced by the Pis, was also employed. However, the modern methods that
were employed were restricted to supersonic Mach numbers and conical flowfields. It seems
very unlikely that any aircraft will be flown at high angles of allack at supersonic Mach
numbers, and the assumption of a conical flowfield is highly suspect.




obstacle: to calculate the aerodynamic loads on the vehicle, one must know
its motion (in order to impose the boundary conditions on the flowfield); and
to calculate the motion of the vehicle, one must know the aerodynamic loads.
To break this apparent impasse, we developed an inherently nonlinear.
iterative procedure based on a predictor-corrector algorithm. The approach
is well-suited for systems of stiff, nonlinear equations and only requires the
aerodynamic loads at integral time steps. The latter point is an impartant

consideration for unsteady models of flowfieids.

An interesting feature of the oresent approach is that the predicted
aerodynamic loads depend on the present motion as well as the history of the
motion. As the shed vorticity convects downstream, it forms the wake. There
is a purely kinematical relationship, which is valid for viscous as well as
inviscid flowfields, that provides the velocity field induced by the vorticity in
the flowfield. It is a kinematic truth that vorticity anywhere in a flowfield
induces velocity everywhere. The induced drag is a consequence of this fact.
Thus, the wake can, and in the case of vorticity-dominated flows does, strongly
influence the flowfield around, and hence the aeradynamic loads acting on, the
vehicle. At any given instant, the vorticity in the wake was shed at various
earlier times; hence, the wake “remembers” what happened earlier and serves
as the ”historia‘n” of the flow. Because the position of the shed vorticity
changes with time, its influence changes with time; thus, the motion and loads
are not in phase. No other simulation developed so far has this capability.
(The conical-flow assumption removes the possibility of capturing the

upstream influence.)

The numerical simulation showed the surprising sensitivity of the
wind-tunnel results to the damping in the bearing of the sting and the position
of the axis of rotation. During the planning of the experiments both were
thought to be of minor importance.

The numerical simulation also provided a "flow visualization” that revealed
the physics of the phenomenon. The physical changes in the flowfield can
readily be correlated with the corresponding changes in the restoring and

damping components of the aerodynamic loads. The effect of an additional




degree of freedom in pitch was also studied. The detaiis are contained in the
Ph.D. thesis of J. Elzebda and Appendix B of this report.

The numerical simulation provided both the motion and the aerodynamic
loads. Therefore, it was possible to develop analytic expressions relating the
loads to the displacement and velocity. These nonlinear expressions were
substituted into the equations of motion and the resulting second-order,
nonlinear differential equations were solved by perturbation methods. Such
an analysis clearly reveais the way in which the various terms interact and

influence the response.

2.1.2 Analytical models of wingrock

Using the resuits of the numerical study, the Pls developed an analytical
model for the wing-rock phenomenon. They obtained an analytic expression
for the aerodynamic moment as a function of the roll angle and its derivative.
Their expression did not agree with the one proposed by Hsu and Lan. The
Pls then showed that (1) their model predicted divergence (observed in the
wind tunnel and predicted by the numerical simulation), but the model of Hsu
and Lan did not, and (2} the results obtfained from their model are slightly
more accurate {han those obtained from the model of Hsu and Lan. The Pls
then explained how to modify the model by Hsu and Lan to make it more
accurate and capable of predicting divergence. An interesting fact is that the
analytical model of Hsu and Lan, though somewhat inferior, is considerably
more difficult to analyze than the analytical model of the Pls. The details are
given in Appendix C.

2.1.3 Simulated suppression by active control of trailing-edge flaperons

The Pls then moved into the next phase of the research by simulating the
response of an unstable delta wing to motions of its flaperons. To the

aerodynamic model of the delta wing, the Pls added trailing-edge flaperons®.

*Using the so-called modern methods to mode! the flow, others have attempted to simulate the
control of supersonic wingrock. The suppression was effected by means of leading-edge
flaps. instead of trailing-edge flaps. Because the modern methods are based on the




To the equations governing the motion of the delta wing and the flowing air,

the Pls added a feedback control law to command the flaps and an equation
describing the servo-mechanism that moves the flaps. Then the numerical
algorithm was extended and all the equalions were integrated numerically.
The numerical simulation produced the motior of the wing, the unsteady
flowfieid, and the histories of the commands and the actual motions of the
flaperons. It was shown that for a range of gains the oscillatory roll motion
could be suppressed. More detaiis can be found in Appendix D and the Ph.D.
thesis of C. Mracek.

2.2 Unsteady Aerodynamic Interference

The most chalienging situations to modei are those in which one
component of a configuration operates in or near the wake of another. The
difficulty in simulating such situations is compounded when the flow is

unsteady.

When one component of the configuration changes its effective angle of
attack, the vorticity distribution on its surfaces simultapeously changes and so
does the disturbance-velocity field induced by the surface vorticity.
Consequently, the vorticity on the surfaces of all the other components in the
vicinity simuitaneously changes also. Virtually, all simulations of aerodynamic
interference are capable of capiluring this phenomenon. However, there is
another aspect of unsteady interference that is far more difficult to simulate.
The changing vorticity distributions on the surfaces of the configurations are
accompanied by a change in the vorticity-shedding rates along the edges of
the lifting surfaces that adjoin the wakes. These sudden and often substantial
changes in the shed vorticity convect downstream; therefore, their influence
on the distribution of vorticity over the surfaces of the configuration changes
with time as a result of the changing relative position of the vorticity in the
wake with respect to the components of the configuration. An event continues

to influence the loads for some time after the event through the velocity

conical-flow assumption, they cannot be used to treat trailing-edge flaps, however, the
approach described here can treat leading-edge as welf as trailing-edge flaps.




induced by the vorticity shed as a result of the event and convecting
downstream. Thus, any realistic model of an unsteady flow must accurately
account for the history”.

Modelling this important aspect of an unsteady vorticity-dominated flow is

rather difficult.

The general unsteady vourtex-lattice method developed for 4 single wing
models the wakes, accounting for the convecting vorticity. It was extended to
account for multiple, closely coupled lifting surfaces. The method was used to
simulate the flowfield for a configuration that resembles the X-29. Mare details

are given in Appendix E.

Perhaps the most impaortant and certainly the unavoidable interference
occurs during take-off and landing, when the wings. tail and/or canard feel the
presence of the ground. Capturing the influence of the ground on the wake is
an important element of the model of the flowfield. The general unsteady
vartex-lattice code was extended to simulate unsteady ground effects. More

details are given Appendix F.

3. Numerical Simulations of Flutter, Gust Response, and

the Suppression of Both

Before the collapse of the Soviet Union, there was a need for high-aititude,
long-endurance (HALE) aircraft to be used to verify some of the provisions of
the Strategic Arms Reduction Treaty (START). There is no longer a perceived
need for HALE aircraft to verify some of the provisions of STAPT bui HALE
aircraft are being developed to monitor the atmosphere. Boeing developed a
HALE aircraft called the Condor. The very-high-aspect-ratio, very flexibie
wings of the Condor can experience wing-tip deflections as high as 25% of the

span, as much as 10m in the case of the Condor.

“The conical-flow assumplion, which is frequently employed in the so-called modern methods
of modelling the flow, virtually eliminates the "history” of the motion from the model of the
flowfield. There is no account of how vorlicity released upstream affects conditions
downslream as it convecls.




Structural and aerodynamic models capable of accurately describing
arbitrary large deflections and motions are essential for the numerical
simulation of HALE aircraft in flight. The general unsteady vortex-lattice
method developed by the Pls is not restricted by pltanform. camber. twist,
angle of attack. or type of motion as long as the lines of separation are known
and vortex-bursting does not occur near the lifting surfaces. Hence. it is very
well suited for the simulation of HALE aircraft. It is interesting that the generat
vortex-lattice method has the capability of treating such a wide range of
problems from low-aspect-ratio delta wings with significant leading-edge
separation to very-high-aspect-ratio, very flexible wings experiencing farge

deformations in a rather large portion of their flight envelopes.

3.1 Flutter

The first example is the simulation of flutter of a high-aspect-ratio very
flexible wing. The chain of events that transpire as the speed of the freestream
increases at a given altitude is described next. At sufficiently tow speed initial
disturbances decay rather rapidly. The damping is entirely aerodynamic: we
deliberately omitted structural damping to emphasize this point. inviscid
aerodynamic m;)de|s do predict damping because they account for the transfer
of energy from the structure to the stream. As the speed increases. the rate
of decay decreases. Near the critical flutter speed the motion resuiting from
initial disturbances does not decay; instead, a limit cycle forms. As the speed
niicrecases, the amplitude of the limit cycle increases, and then at a critical
speed, the motion begins to grow. Fast Fourier transforms reveal that the

limit-cycle motion contains a single frequency.

The simulated behavior seems to mimic (at least qualitatively, perhaps
quantitatively) the events observed in wind tunnels. The range of speeds in
which limit cycles develop is small in the present example. When the
approach was applied to the classic probiem of a two-dimensional airfoil
mounted on elastic supports (a problem discussed at length in the text by Y.

C. Fung, the predicted behavior was similar. Unlike the models in wind-{unnel




experiments and unlike the simulation, Fung’s solfution either decays or grows;

there is no range in which limit cycles develop.
Details ar ;n Appendix G.

The manuscript developed by the Pls is being submitted to the Journai of

Aitrcraft.

3.2 Flutter Suppression

Also discussed in the manuscript of Appendix G is the use of a
feedback-control/servo-mechanism system to drive the ailerons and suppress
flutter and the response to gusts. The flowing air, wing, ailerons and entire
active-control system for the flaps are treated as the elements of a single
dynamic system. All the governing equations, including the control iaw that
serids commands to the servo-mechanism driving the flap, are integrated

simultaneously and interactively.

A very-high-aspect-ratio, very flexible wing, such as one might find on
HALE aircraft, was also modelled. The wing was considered to be an
inextensional beam, and nonlinear terms were retained in the equations of
motion. In this case the elastic deformations of the wing were obtained
simultaneously with the flow and aileron deflections. It was found in the
simulation that flutter can readily be suppressed. This is true for linear as well
as noniinear models. More details are given in Appendix H and the M.S.
thesis by J. A. Luton. The manuscript appearing in Appendix H has been
accepted for the AIAA Journal.

3.3 Suppression of the Responses to Gusts and Random

Disturbances in the Free Stream

In attempts to suppress the responses to gusts and/or random
disturbances in the free stream, the Pls found that using trailing-edge flaps

permitted either good control of torsional deflections or good control of

10




flexural deflections, but not both simultaneously. Hence, they extended the
aerodynamic model of the wing to include a leading-edge flap. Then
controlling the leading-edge and trailing-edge flaps independently. they found
that both torsional and flexural responses could be significantly reduced

simultaneously.

A manuscript with d. A. Luton is currently being prepared for the AIAA

Journal,

4. Other Developments Resulting from the

AFOSR-Sponsored Research

The work done by the Pls in refining the unsteady aerodynamic model
used in the simulations above has led to some interesting discoveries. It was
shown by comparing computed resultls with observations made in a water
tunnel that the formation of coherent vortical structures is aimost completely
an inviscia nhenomenon. This work suggests that attempts to mode! such
flowfields with the Navier-Stokes equations might be very difficult. ironically.
it appears that enough resolution must be achieved in order to accurately
modei (i.e., eliminate in this case) the viscous effects. For many such
flowfields, perhaps a more efficient approach would be to begin with an

inviscid model.

More details are provided in Appendix |. The manuscript found there will

appear in the Journal of Fluid Mechanics.

Using the developments of the previous work, the Pls prepared and had
accepted a “perspective” for the ASME Journal of Fluids Engineering. The

manuscript is provided in Appendix J.
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